Acute toxic interactions of intravenously administered benzyl alcohol and Escherichia coli 055:B5 (Boivin preparation) endotoxin were examined in rodents. Lethality studies in male CD-1 mice demonstrated that these agents were more toxic when administered in combination than when either was administered alone. Prophylactic treatment with diazepam (5 mg/kg intraperitoneally) protected against lethality induced by either the combination or the endotoxin yet offered little, if any, protection against the lethal effects of benzyl alcohol. Similar treatments with naloxone (5 mg/kg intraperitoneally) failed to protect against either endotoxin-induced or benzyl alcohol-induced lethality, but they significantly protected against the lethal effects of the combination. Although hexobarbital-induced sleeping time was prolonged in endotoxintreated mice (but was normal in benzyl alcohol-treated mice), a more protracted effect on sleeping time was observed in mice treated with both benzyl alcohol and endotoxin. Moreover, male Wistar rats treated with benzyl alcohol (40 mg) showed no evidence of hepatic lesions, but rats treated in combination with sublethal doses of the alcohol (40 mg) and the endotoxin (0.4 mg) developed hepatic lesions which were more severe than those observed in rats treated with endotoxin (0.4 mg) alone. A correlation between altered blood chemistry values and severity of hepatic lesions was demonstrated. These data show in vivo toxic interactions between benzyl alcohol and bacterial endotoxin. In addition, our results indicate that the toxic effects induced by the benzyl alcohol-endotoxin combination are due to an enhancement of the lethal properties of bacterial endotoxin.
Although the acute toxic effects of benzyl alcohol are well documented (17, 18, 23, 29, 35, 39) , this compound has been utilized for the last 30 years as an effective bacteriostatic agent in formulations intended for intravenous (i.v.) therapy. Although the antibacterial concentration is much lower than the concentration deemed dangerous to human adults (35) , little is known about the toxicity of benzyl alcohol in neonates. Recent reports (13, 25 ; J. J. Gershanik, B. Boecler, W. George, A. Sola, M. Leitner, and C. Kapadia, Clin. Res 29:895a, 1981) have associated benzyl alcohol with the deaths of 16 premature infants. These infants, who were fitted with i.v. catheters, had received relatively large amounts of the preservative (99 to 405 mg/kg per day), since both the saline used in i.v. washes and the water used to reconstitute medications contained 0.9% benzyl alcohol. Because benzyl alcohol, benzoic acid, and hippuric acid were found in the sera of these infants, it was postulated that the detoxifying mechanism of the liver, needed to handle the large insults of benzyl alcohol administered, had not fully developed in these neonates (13, 25, 38) . However, the complicated medical histories of the patients have not been ruled out as contributing factors in these fatal toxic episodes. Although symptoms in animals given toxic doses of benzyl alcohol (17, 29, 35 ) mimic those of the affected infants (13, 25, 38) , a majority of these symptoms are also common to endotoxin shock (21, 49, 58) . Furthermore, because iatrogenic infections are more frequent in catheterized patients (49) and since endotoxic shock is generally not as readily diagnosed in neonates as in adults (19, 49) , the role of bacterial endotoxins in the "benzyl alcohol deaths" should not be disregarded. (37) .
RESULTS
Lethality in mice. Various doses of benzyl alcohol were administered i.v. to male CD-1 mice to determine the minimal toxic dose of the compound ( Table 1 ). The treated animals were observed for 72 h, and mortality ratios were recorded. The mice treated with toxic doses of benzyl alcohol died within 3 min of treatment, with tremors, gasping respiration, and convulsions usually presaging these deaths.
That the induced lethality is due to the alcohol, rather than the trace of benzaldehyde (0.037%) present in these preparations, is emphasized by the fact that doses of the aldehyde up to 1.2 mg (i.e., about 1,000 times the amount contaminating the doses of benzyl alcohol injected) were not toxic. This of course does not preclude metabolic conversion of the alcohol to benzaldehyde, although benzoic acid, not benzaldehyde, is thought to be the major metabolite of benzyl alcohol (18, 25) . However, the rapidity with which the injections 24 h, but a portion (10 to 40% depending upon the experiment) died within 1 h and usually within minutes of the injection.
c ND, not determined.
caused death (s3 min) and the lack of toxicity of benzaldehyde (up to 1.2 mg; zero of eight mice) and sodium benzoate (up to 12 mg; zero of eight mice) suggest that the toxicity is due to the parent compound rather than to a metabolite. Deaths induced by endotoxin were more protracted, occurring over a 72-h period. Endotoxin treatment resulted in lethargic behavior, diarrhea, and, at higher doses, tremors and convulsions. As calculated from the endotoxin data, 0.05 and 0.15 mg of endotoxin would be expected to be lethal in 0 and 15% of the treated mice, respectively. However, when the mice were treated simultaneously with these doses of endotoxin and various doses of benzyl alcohol, mortality was increased (Table 1) . Qualitatively similar results were obtained in ICR female mice when a fixed nontoxic dose of benzyl alcohol and various doses of endotoxin were administered simultaneously (data not shown). Deaths resulting from toxic doses of the combination were temporally indistinguishable from deaths induced by endotoxin alone.
Attempts to ameliorate the toxic effects of benzyl alcohol and endotoxin with prophylactic treatments of either diazepam or naloxone are shown in Table 2 . Although a lethal dose of endotoxin (0.6 mg) induced convulsions and death in 80% of the mice within 24 h, in mice administered diazepam (5 mg/kg i.p.) 30 min before endotoxin treatment, only one animal convulsed, and overall mortality was 25%. In mice similarly treated with naloxone (5 mg/kg i.p.), this dosage of endotoxin caused 68% mortality. Moreover, both diazepam and naloxone offered significant protection against the lethal effects induced by the simultaneous administration of benzyl alcohol and endotoxin; a combination of benzyl alcohol (1.8 mg) and lipopolysaccharide (0.20 mg) was lethal in 65% of the control mice, but this combination was toxic to only 5% of the mice pretreated with either diazepam or naloxone (Table 2) .
In contrast, pretreatment of the mice with either diazepam or naloxone had little, if any, effect on benzyl alcohol- induced mortality (Table 2) , although diazepam did prevent convulsions induced by the preservative. Hexobarbital-induced sleeping time. The effects of sublethal doses of benzyl alcohol, endotoxin, and their combination on hexobarbital-induced sleeping time in CD-1 mice were examined. For these experiments, various groups of 10 males each (weighing 20 to 24 g) were treated i.v. with benzyl alcohol (1.8 mg) or endotoxin (0.075 mg) or both, and after 6 and 24 h, hexobarbital (80 mg/kg i.p.) was injected, and sleeping time was monitored.
From separate experiments it was determined that shortly after the treatments (30 min), sleeping times of the groups treated with benzyl alcohol (24 ± 2 min) or endotoxin (27 ± 3 min) were normal relative to controls (23 ± 1 min). The sleeping time of the mice given the combination was similarly unremarkable (26 ± 2 min). However, 6 h after injections of the various agents, hexobarbital sleeping time was prolonged in groups given either endotoxin (51 ± 3 min) or a combination of endotoxin and benzyl alcohol (56 ± 2 min), yet it was normal in the benzyl alcohol-treated group (27 ± 1 min) relative to controls (28 ± 2 min).
Although benzyl alcohol (1.8 mg) when administered alone had no direct effect on hexobarbital-induced sleeping time at 24 h (22 ± 2 min) relative to controls (23 ± 2 min), in combination it appeared to exacerbate the effects of endotoxin. That is, even after 24 h, when sleeping time had returned to normal in the endotoxin-treated group (23 ± 3 min), mice administered both benzyl alcohol and endotoxin still had abnormal sleeping times (55 ± 4 min).
Toxicity in rats. Blood chemistry and histopathological evaluations were performed on rats treated with sublethal doses of benzyl alcohol (40 mg) or endotoxin (0.40 mg) or both; results are summarized in Table 3 and Fig. 1 40 mg) , or both. The water vehicle (1.2 ml i.v.) was used for controls. Data are the results of three experiments (see the legend to Fig. 1). b Values under hepatotoxic score indicate the number of rats having hepatic lesions. Lesions were assessed as described in the text. four) rats. The kidneys and hearts of all groups were histologically unremarkable except in three animals receiving endotoxin, in which myocardial necrosis was apparent. For these tissues, no differences between groups receiving lipopolysaccharide alone or in combination with benzyl alcohol could be discerned. Most striking, however, was the incidence and severity of hepatic injuries observed in this study (Table 3) . Hepatic lesions were noted in 10 of 12 rats treated with the benzyl alcohol-endotoxin combination. Liver necrosis was minimal in one (1+), moderate in one (2+), and severe in eight (3+ to 4+) of these animals. Although 9 of 12 rats given lipopolysaccharide alone had lesions, the lesions were much less severe than those in animals given the combination; i.e., lesions were minimal in seven (1+), moderate in one (2+), and severe in only one (3+). In contrast, no lesions were observed in either control (water vehicle-treated) or benzyl alcohol-treated animals. Liver lesions were characterized by marked multifocal acute necrosis and infiltration of polymorphonuclear leukocytes (Fig. 2) .
Serum values for glucose, bilirubin, electrolytes, creatinine, albumin, globulin, and protein in all groups were essentially unchanged from control values (data not shown). However, activities of aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase and concentrations of blood urea nitrogen, cholesterol, and triglycerides were significantly elevated in rats treated with endotoxin either alone or in combination, but they were normal in benzyl alcohol-treated rats. Although serum values for animals treated with the combination were markedly higher than those of the endotoxin-treated group, they were not significantly different because of the large variations among individual animals within this group (Fig. 1) .
DISCUSSION
The present studies show a novel in vivo interaction between benzyl alcohol and bacterial endotoxin. Dosages of the two compounds that alone would be nontoxic together produced acute effects, as evidenced by increased mortality in mice (Table 1) or frequency and severity of hepatic lesions in rats (Table 3) . Our data are consistent with the interpretation that benzyl alcohol accentuates the toxic properties of endotoxin. This conclusion is based on the findings that diazepam, which protects against the lethal effects induced by the combination, also protects against endotoxin-induced lethality yet has virtually no effect on benzyl alcohol-induced mortality (Table 2) .
Since both benzyl alcohol (18, 25) and endotoxin (40, 47, 53, 57) are ultimately cleared from the circulation by the liver, these compounds might be expected to affect adversely the metabolism of hexobarbital; an effective monitor of altered drug metabolism is prolongation of hexobarbital sleeping time (12, 31, 52) . Although endotoxin alone affected hexobarbital sleeping time, the effect was somewhat transient, such that by 24 h posttreatment, sleeping time had previously been reported (45) . When benzyl alcohol was injected with endotoxin, it prolonged sleeping time, and the effect of the combination was more protracted than that of endotoxin alone. These data further suggest that benzyl alcohol enhances the action of endotoxin, perhaps by inhibiting the detoxification and or clearance of endotoxin from the circulation.
Endotoxin is normally rapidly cleared by the reticuloendothelial system (RES) of liver and spleen (32, 40, 47, 48, 53, 57) , with RES function primarily concentrated in the Kupffer cells of the liver (32, 47) . Agents such as saccharated iron oxide (8) , Thorotrast (5, 6, 9), ethanol (4), and trypan blue (5), which depress RES function, potentiate the toxic effects of endotoxin. It is tempting to speculate that benzyl alcohol also interferes with RES function, since it affects lipid bilayer structure (20) and influences the integrity of both macrophage (15) and hepatocyte (27) membranes, resulting in the stimulation (2, 56) or inhibition (43, 46) of various membrane-bound enzyme activities. Furthermore, benzyl alcohol inhibits clearance by hepatocytes of asialo-glycoproteins by acting as a selective inhibitor of fusion of lysosomes and endocytic vesicles (55) . In light of the Ca2+ involvement in endotoxicosis (16, 24, 30, 44) , it is important to note that benzyl alcohol stimulates Ca2+ uptake (10) and activates Ca2'-dependent enzymes (2, 56) .
Animals failing to efficiently clear toxic doses of endotoxin show a myriad of responses, ranging from fever to shock and death; these diverse biological effects have been extensively detailed in recent reviews (1, 7, 11, 26, 34, 41) . Both direct (12, 42) and indirect effects of endotoxin, i.e., toxin-induced activation of macrophages and attendant release of endogenous mediators (see references 7 and 54), contribute to the complex sequelae of endotoxicosis.
Clinically, renal failure is the most common complication of endotoxin shock (1, 50) . Our finding that blood urea nitrogen concentrations were markedly elevated in endotoxin-treated animals ( Fig. 1) without apparent lesions is consonant with that of others (1, 8, 45) . This increase presumably reflects the effects of endotoxin in reducing both the glomerular filtration pressure and the excretory function by renal tubules (8) .
The effects of endotoxin on the liver are manifested by both the abnormal blood chemistry values, i.e., elevated aspartate aminotransferase and alanine aminotransferase activities ( Fig. 1; 7 , 45, 47) , and the histopathological findings ( Fig. 2; 28, 32 ) characterized by marked multifocal necrosis and infiltration of polymorphonuclear leukocytes.
Although the present studies do not address the mechanism for hepatic injury, others have postulated an interaction of endotoxin with Kupffer cells (4, 32, 47) . It has not been adequately resolved whether the resulting hepatocyte necrosis is due to obstruction of hepatic microcirculation (33) or to the action of cytoxic factors released from activated Kupffer cells on parenchymal cells (3) .
Our studies in mice show that both naloxone, an opiate antagonist, and diazepam, a gamma-aminobutyric acid antagonist, protect against lethality induced by the benzyl alcohol-endotoxin combination, suggesting that endorphins (14, 22, 33) and catecholamines (26) (13, 25, 38) . The symptoms described in the benzyl alcohol poisonings (25, 38) are strikingly similar to those of endotoxin shock (1, 21, 49) . Although bacteremia and sepsis appear to have been ruled out, at least in the studies by Gershanik et al. (25) , endotoxemia as a contributing factor in these deaths has not. If these data can be extrapolated to humans, they suggest that the neonatal deaths ascribed to benzyl alcohol poisoning may have been the result of benzyl alcohol-endotoxin toxic interactions.
